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INTRODUCTION
In freshwater and marine communities studies of the importance of species interactions to community structure have been significantly influenced by the classic work of Brooks and Dodson (1965) and Paine (1966) . These studies were the precursors of the trophic cascade concept, which has fostered a prolific body of work in terrestrial (Schmitz 1992 (Schmitz , 1993 (Schmitz , 1994 (Schmitz , 1998 herbivorous zooplankton can indirectly influence levels of primary production in lake ecosystems (Threlkeld 1988 , Carpenter and Kitchell 1993 , Vanni et al. 1997 .
Traditionally, studies on the role of predators in trophic cascades have focused on direct consumer-resource interactions (Sih et al. 1985) . Hence, it is the effect of predator consumption rates (i.e., lethal effects) that propagate through the food chain, leading to changes in the density of prey species and the abundance of the prey's resources. Growing evidence suggests, however, that trophic interactions are not solely driven by density changes in trophic assemblages caused by direct consumer-resource interactions. Instead, predators also can alter prey traits (nonlethal effects), such as behavior and morphology, resulting in large impacts on competitive interactions (Peacor and Werner 1997 , 2000 Although a relatively new area of research, ecologists are making rapid progress in understanding the ecological importance of TMIIs. In general, TMIIs describe how a predator affects a trait of a second species, which in turn affects the interaction of the second species with a third species. TMIIs constitute a form of higher order interaction that will likely influence the direct interactions between prey and their resource and overall community dynamics (Abrams 1983, Wootton 1993 Wootton , 1994 , Adler and Morris 1994, Billick and Case 1994, Kareiva 1994) . TMIIs between predators and prey may be important at both high and low predation rates because nonlethal effects can (1) occur independently of lethal effects and (2) be transmitted throughout the prey's life even though they may be eventually consumed (Peacor and Werner 2001 ). Thus, a better understanding of TMIIs will improve our empirical understanding of the processes shaping ecological communities and our ability to model community dynamics.
In aquatic systems, TMIIs often occur because of changes in prey traits that are induced by exposure to waterborne predator risk cues (Tollrian and Harvell 1999) . Modified traits can be morphological and life historical, but considerable emphasis has been placed on predator-induced changes in prey behavior (Werner 1991 (Werner , 1992 ). This is not surprising because unlike morphological responses, which may be constrained by ontogeny or growth rate, behavioral responses are often immediate. Predator-induced changes in prey behavior that reduce their risk of predation, such as alterations in feeding rate or habitat use (Dill 1987 , Lima 1988a 
Inducible defenses in intertidal snails
The invasive green crab, Carcinus maenas, is a voracious predator common to sheltered rocky intertidal shores in southern New England. This crab's broad diet includes the herbivorous snail Littorina littorea and the carnivorous snail Nucella lapillus, two species that can strongly influence the recruitment success and population dynamics of perennial (e.g., Ascophyllum nodosum, Fucus vesiculosus) and ephemeral algae (e.g., Ulva sp., Enteromorpha sp.) and barnacles (Semibalanus balanoides) (Menge 1976 (Menge , 1978a . These inducible defenses are thought to reduce snail vulnerability to crab predation, thus modifying the impact of crabs on snail density and, in turn the impact that snails have on the community. Perhaps equally important, however, are the strong behavioral responses that accompany these morphological changes. Snails exposed to predatory crab risk cues exhibit reduced activity, reduced feeding levels, and increased use of inconspicuous or "refuge" habitats (Palmer 1990, Marko and Palmer 1991) . Palmer (1990) noted that N. lapillus feeding in the presence of green crab risk cues preferred to consume barnacles located on the underside rather than on top of stones placed within his experimental chambers. In contrast, N. lapillus feeding in the absence of these cues showed little discrimination with respect to the position of their barnacle prey and they consumed significantly more barnacles. The presence of inducible defenses, whether morphological or behavioral (also see Hadlock 1980), in multiple snail species in response to green crab risk cues suggests that TMIIs may be operating in these systems.
We examined the importance of behaviorally based TMIIs to species interactions in two simple, but important, rocky intertidal food chains. Using manipulative experiments in laboratory mesocosms, we allowed Nucella lapillus to feed on experimental barnacle communities and Littorina littorea to feed on experimental fucoid algal communities in the presence and absence of green crab risk cues. Our data revealed that predator risk cues led to increased barnacle and fucoid abundance by inducing both reductions in snail feeding rates and increases in their use of refuge habitats. Hence, our results represent an important first step in understanding the potential importance of TMIIs to species interactions and community dynamics on rocky intertidal shores. To ensure that barnacle densities were similar among all experimental treatments at the beginning of the experiment, we made initial estimates of barnacle density on each tile by counting the total number of barnacles in three quadrats (9 cm2) randomly placed on each tile. Of the original 120 tiles, we identified 96 tiles having similar barnacle densities (13.70 ? 0.21 barnacles/cm2, mean ? 1 SE). From these 96 tiles, we established 48 pairs of tiles having similar barnacle densities (13.69 ? 0.10 barnacles/cm2). Each pair of tiles was then randomly allocated to 48 independent replicate chambers (35 X 15 X 15 cm), each having an independent water supply. Hence, there were two tiles per experimental chamber. Preliminary analysis of estimates of the total initial number of barnacles on each pair of experimental tiles detected no significant differences among our experimental treatments (Snail Density and Risk Cue, see below) and their interaction (ANOVA, all P > 0.63). A priori, we included two tiles per chamber because we wanted to ensure that there was an adequate barnacle supply for feeding snails. Pairs of tiles are not independent from one another and were therefore treated as a single experimental unit when making final counts to assess the impact of snail feeding on barnacle density.
MATERIALS AND METHODS

Establishment
Two Single tiles were randomly assigned to 48 replicate chambers, each having an independent supply of flowing seawater. Each chamber (27 X 15 X 5 cm) was divided into two sections by a perforated barrier. One section (16 X 15 X 5 cm, Tile Section) housed the tile and had a plastic mesh (3.75 X 2.90 mm) roof to permit water flow and light penetration. The other section (11 x 15 X 5 cm, Risk Cue Section) had a solid, 'clear plastic roof and contained either a single male green crab and 15 nonspecific Littorina littorea (Crab) or just 15 nonspecific L. littorea (No Crab). Flowing seawater was delivered to the Risk Cue section of each chamber via plastic tubing. Water then passed through the perforated barrier, into the experimental section housing the granite tile, and exited through the mesh opening above the tile. This design also ensured that experimental snails grazing on the tiles were exposed to risk cues originating from the upstream section of the chamber. Each of these chambers was placed within a larger (35 x 15 X 15 cm) plastic tub (the same size as those used in the Nucella lapillus experiment). Hence, green crab risk cue concentrations (on a volumetric basis) were probably similar in both experiments.
This experiment ran for 150 d, at which time the number of fucoid germlings remaining on each tile was counted. A grid composed of 1-cm2 squares was placed over each tile, and the number of fucoids in 25 randomly chosen 1-cm2 squares was counted. All counts were performed using a dissecting microscope. We chose to randomly subsample each tile because counting all the fucoid germlings on each tile (particularly in the Crab and No Snail treatments) was not feasible. All of the morphological measurements made on snails at the beginning of the experiment were repeated (see Materials and Methods: Snail morphometrics).
Snail morphometrics
Because we wanted to determine whether predatorinduced suppression of snail feeding influenced snail growth, we made morphological measurements on both Nucella lapillus and Littorina littorea at the beginning and end of each experiment. Measurements of shell length and shell thickness of N. lapillus and L. littorea were made following Palmer (1990) and Trussell (1996) , respectively. However, we were unable to measure initial shell thickness for N. lapillus because their fragile, thin shells often broke when we attempted to do so.
To assess treatment-specific differences in tissue growth, we used the nondestructive, buoyant weighing technique of Palmer (1982) . Briefly, snails were weighed while submerged in seawater to obtain an estimate of shell mass. Estimates of actual shell mass were then calculated from previously determined regressions of actual shell mass (Y) as a function of submerged mass (X). Snails were then allowed to dry in air for -30 min and extravisceral water was removed from the aperture with absorbent tissue before weighing the snail in air. Estimates of wet tissue mass were calculated by subtracting the estimate of actual shell mass from the mass of the snail obtained when weighed in air. These measurements at the beginning and end of the experiment allowed us to calculate tissue growth. We should note that analysis of initial trait values for Nucella lapillus revealed no significant differences in shell length among experimental groups (all P ? 0.14). There were subtle, but significant differences among experimental groups for N. lapillus tissue mass for counts and the logarithmic transformation for morphological data. We analyzed final barnacle density with a two-way ANOVA that considered Snail Density and Risk Cue treatments as fixed effects. Final fucoid density was analyzed with a two-way nested ANOVA that considered Grazer treatment and Risk Cue treatment as fixed effects. Because multiple counts on each tile were used to estimate fucoid density, replicate chambers were considered a random effect nested within each experimental combination. This nested term was used by JMP to construct error mean squares, F ratios, and degrees of freedom for main effects and their interaction (SAS 1995).
Morphological data on experimental snails were analyzed with two-way ANCOVAs with the same main effects used in our models evaluating community responses. Because there were multiple, and thus nonindependent, snails in each replicate, replicates were again treated as a random effect nested within each experimental combination. For growth analyses, the difference between initial and final measurements was the response variable and the initial value of the trait in question was used as the covariate. For analysis of shell thickness data, shell length was used as the covariate. Although slopes in all cases were homogeneous (all P > 0.34), thus satisfying the parallel slopes assumption of ANCOVA, these terms were not pooled. Patterns of snail growth were consistent with predator-induced reductions in snail feeding rates. N. lapillus feeding in the presence of risk cues grew 118.0-133.7% less in terms of shell length (Table 1, Fig. 2 ) and 524-1151% less in terms of tissue mass (Table 1, Fig. 3 ) compared to those feeding in the absence of risk cues. There were no significant Snail Density effects on snail growth (Table 1) . Inducible defenses (i.e., Table 1 ).
increased shell lip thickness) also were evident. Snails exposed to risk cues produced shells that were 27.3-33.3% thicker compared to those that were not exposed to risk cues (Table 1, Fig. 4 ).
Treatment differences in fucoid density, and L. littorea growth and induced defense
We detected similar effects in our experiment examining how risk cues mediate the impact of Littorina littorea grazing on fucoid germlings (Table 2 Table 1 ).
but the results were a little more complex for Littorina littorea. In terms of tissue growth, snails grazing in the absence of risk cues grew 45.6% more than snails grazing in the presence of risk cues (Table 3, Fig. 6 ). Repeated-measures ANCOVA (Table 4, Fig. 7a ) revealed that total overall change in shell length of snails raised without risk cues was significantly greater than that for snails raised with risk cues. However, when changes in shell length were analyzed separately for each time period, it became clear that this treatment effect was primarily caused by growth differences during the first half of the experiment (Fig. 7b) Table 1 ). the second half of the experiment, there was no statistically significant difference in the growth rate of snails from both treatments (ANCOVA: 
DISCUSSION
Our experiments suggest that predator effects on prey traits in addition to prey density may importantly influence species interactions and community structure in the rocky intertidal zone of New England. In the presence of green crab risk cues, Nucella lapillus consumed 13-29% fewer barnacles (Fig. 1) and Littorina littorea consumed 459% fewer fucoids (Fig. 5) compared to conspecifics not exposed to risk cues. These risk-specific differences in the impact of both snail species on their respective food resources likely reflect predator-induced changes in snail behavior and feeding rates. Table 2 ) for each treatment were obtained at the end of the experiment by counting all the fucoids in 25 1-cm2 quadrats randomly placed on each tile.
30-
-
Risk cues induce differences in snail behavior and growth
Although not quantitatively characterized, there were clear differences in snail behavior among risk. treatments. In the barnacle experiment, we often observed N. lapillus drilling the sides of barnacle tests ("test drilling") instead of the more common method of sitting on top of the barnacle and drilling between the opercular plates (Barnett 1979 ). Test drilling is certainly more inconspicuous because it allows the snail to remain snugly against the granite substratum among the interstices of barnacle tests. However, this tactic may be more time consuming and energetically expensive because it does not exploit what is presumably the most vulnerable region (sutures between the opercular plates) of the barnacle (Barnett 1979) . We never observed test drilling in the absence of risk cues. In addition, both N. lapillus and L. littorea exposed to risk cues often remained on the underside of experimental tiles (also see Palmer 1990), whereas in the absence of risk cues the snails were consistently on top of tiles consuming barnacles and fucoids. The greater refuge use by both snail species in the presence of risk cues is certainly consistent with their diminished impact on their respective food resource. This reduced impact is clearly evident from the reduced growth rates and increased levels of inducible defense for snails in the presence of risk cues. When exposed to risk cues, both snail species grew significantly less in terms of shell length (Figs. 2 and 7a, b) and tissue mass (Figs. 3 and 6 ) compared to conspecifics that were not exposed to risk cues. Moreover, exposure to risk cues induced increased shell thickening in both snail species (Figs. 4 and 8) , which also is consistent with reduced snail feeding rates. Because there is a limit to the maximum rate of shell calcification (Palmer 1981 (Palmer , 1992 , snails devoting shell ma- Table 3 ).
terial to increased shell thickening must do so at the expense of linear shell growth. Thus, snails with slower growing shells are typically thicker and have less tissue mass than fast growing ones (Kemp and Bertness 1984). In our experiments, thicker shells in both snail species were accompanied by reduced linear growth (also see Trussell and Nicklin 2002).
Our Littorina littorea data, in particular, illustrate the relationship between the amount of shell thickening and linear shell growth. Just over halfway through the experiment, L. littorea raised with risk cues grew 45.8% less compared to snails raised without risk cues (Fig. 7a) . However, during the second half of the experiment, snails raised without risk cues slowed their growth considerably, to the point that there was no difference in shell growth among risk treatments (Fig.  7b) . This change in L. littorea growth rate may explain why there was a convergence in shell thickness by the end of the experiment (Fig. 8) . These data also suggest that, in the absence of risk cues, snails delay shell thickening until they reach a certain size. Doing so delays the onset of tissue mass trade-offs that typically accompany the production of thicker shells. Such trade- 1986a, b, c) . In contrast, the noninduced "conic" morph is more vulnerable to A. angelica predation. They found that mussels (Brachidontes semivaelis) dominate the community when conic morphs are more common, whereas algae (Ralfsia sp.) dominate when bent morphs are more common. Hence, A. angelica abundance and the degree to which it induces bent morphs in the local population will strongly influence subsequent community development. The dominance of mussels when conic morphs are more common is attributed to more successful A. angelica predation because mussels readily settle within the empty tests of conic morphs (also see Lively and Raimondi 1987). Density-based thinking has been central to how ecologists evaluate the importance of direct and indirect effects in rocky intertidal communities (but see Wootton 1992 Wootton , 1993 Wootton , 1994 . However, strong arguments suggest that the impact of TMIIs may be greater than one would initially predict, and this is especially true for behaviorally mediated indirect interactions. Predatorinduced reductions in prey feeding rates are often immediate and can affect the entire population, whereas density reduction of prey by predators can take considerably more time and the effect is manifested solely by the proportion of prey removed from the system (Peacor and Werner 2001). Hence, community models based on density mediated interactions may be misleading in environments where predators are common because they may overestimate the numerical importance of consumer species. Moreover, a better understanding of how predator risk cues modify prey traits will improve our knowledge of the role species interactions play in intertidal community structure and dynamics. Future efforts must determine whether the role of TMIIs in marine communities is comparable to that of DMIIs, as is the case in spider-grasshopper interactions in old field food webs ).
